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a  b  s  t  r  a  c  t
Spherical  indentation  of  a  porous  brittle  La0.6Sr0.4Co0.2Fe0.8O3 ceramic  ﬁlm  (porosity  = 39.7%)  on  a stiffer
elastic  Ce0.9Gd0.1O1.95 substrate  is  simulated  by ﬁnite  element  modelling  incorporating  the  Gurson  model
to  account  for densiﬁcation.  The  simulated  load-displacement  curves,  apparent  elastic  modulus  E,  inden-
tation  hardness  H and  densiﬁcation  proﬁle  are  all in good  agreement  with  experimental  data  for  the  ﬁlm.
The simulations  show  that E and  H are not  sensitive  to  ﬁlm  residual  stress.  However  E is very  sensitive  to
the  indent  depth-ﬁlm  thickness  ratio f, although  H is less  so for  f  < 0.3.  The  simulated  dependence  of  E andeywords:
orous ceramic ﬁlm
ndentation
inite element modelling
eformation
echanical properties
H  on  f are  highly  consistent  with  experimental  data,  supporting  the  extrapolation  of  E and  H  measured
for  0.1 <  f  <  0.3,  to  zero  depth  for good  estimates  of the  ﬁlm-alone  properties.  The  inclusion  of  densiﬁca-
tion  in  the  simulation  makes  only  a small  difference  to  E, but  has  a  large  inﬂuence  on H  as  a  function  of
indentation  depth.
©  2016  The  Authors.  Published  by  Elsevier  Ltd.  This  is  an  open  access  article  under the  CC  BY license
(http://creativecommons.org/licenses/by/4.0/).. Introduction
The rapid development of porous thin ceramic ﬁlms, which
re indispensable for applications in ﬁlters, sensors and energy
onversion technologies [1–3], has led to increasing advances
n techniques for characterising their properties. The successful
pplication of such materials relies heavily on their long-term
echanical stability and reliability. Porous thin ceramic ﬁlms not
nly behave mechanically very differently from their isotropic
ense ﬁlm counterparts, but also can have signiﬁcantly different
icrostructures and properties (such as mechanical behaviour)
rom porous bulk materials due to the inﬂuence of the substrate.
There is considerable interest in the use of nanoindentation as a
eans for mechanical property characterisation of small volumes
f material [4], particularly for the measurements of elastic modu-
us and hardness of thin ﬁlms on substrates. However, complexity
nd difﬁculties often arise in the deconvolution of ﬁlm properties
rom the composite ﬁlm/substrate response due to a combination
f effects such as the substrate stiffness [5,6], residual stress in
he ﬁlm [7–9], indentation depth relative to ﬁlm thickness [10,11]
nd ﬁlm roughness [12,13]. Mechanical properties such as elastic
odulus, hardness and fracture toughness have been widely stud-
ed for dense ceramic ﬁlms, using the nanoindentation technique.
∗ Corresponding author.
E-mail address: chen@imperial.ac.uk (Z. Chen).
ttp://dx.doi.org/10.1016/j.jeurceramsoc.2016.10.002
955-2219/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article uWhen a porous brittle ﬁlm is used an additional effect must also
be considered, namely the collapse and densiﬁcation of the porous
microstructure upon indentation [11].
In our previous studies, we  have investigated the elastic and
plastic deformation, and fracture, using spherical indentation in
a porous bulk ceramic (La0.6Sr0.4Co0.2Fe0.8O3, LSCF, used in many
solid oxide fuel cells) with a wide range of porosities (4–45%)
[14,15]. A spherical indenter was preferred to a sharp indenter
(Vickers or Berkovich) because even at shallow indentation depth
a volume of material can be sampled that is sufﬁciently large to
include a large number of ceramic grains. These studies showed
how collapse and densiﬁcation under the indenter inﬂuences the
measurement of mechanical properties by spherical indentation
and also how these phenomena can be incorporated satisfacto-
rily into ﬁnite element modelling (FEM) using the Gurson material
model to describe the densiﬁcation process. In the present study,
we extend these experiments and simulations to porous ceramic
ﬁlms on dense substrates. It is found that the apparent elastic mod-
ulus of porous thin ceramic ﬁlms deposited on dense substrates is
affected by the substrate at ratios of depth to ﬁlm thickness similar
to those established for dense ﬁlms.nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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ﬁig. 1. Schematics of the 2D FEM simulation of spherical indentation of a porous la
esidual depth after complete unloading.
. Experimental and simulation procedures
.1. Indentation experiments
Porous LSCF layers deposited on dense Ce0.9Gd0.1O1.95 (CGO)
ubstrates were prepared by tape casting and high temperature sin-
ering at 1000 ◦C to give ﬁlms with 39.7% porosity. Nanoindentation
xperiments using a spherical diamond indenter (25 m radius)
ere conducted at peak loads of up to 500 mN.  The densiﬁed region
eached the substrate when the penetration depth was  approxi-
ately 2 m and this was chosen as a base case in the simulations.
etailed description of the specimen preparation and indentation
xperiments can be found in [11]. The apparent elastic modulus
nd indentation hardness were calculated using the method of
liver and Pharr [4]. As in our previous work on bulk porous LSCF
pecimens [14,15], the surface and cross-sectional microstructures,
ncluding particularly the indentation-induced “plastic zone”, of
he specimens were investigated using the FIB-SEM slice and view
echnique.
.2. Finite element modelling
2D axisymmetric FE models for simulating indentation of the
ayered specimens were implemented in a similar way to those
sed for simulating indentation of bulk specimens described pre-
iously. The Gurson model was used to simulate the collapse and
ensiﬁcation of the porous LSCF layers under the indenter. A num-
er of indentation characteristics, such as the load-displacement
urves, densiﬁcation of microstructures, residual deformation pro-
les, were taken into account to justify the applicability of the
odel [14], as also performed for some other models in the litera-
ure [16,17]. Fig. 1 shows schematics of the modelling conﬁguration
n Abaqus CAE 6.12 (Dassault Systemes, USA), in which a thin layer
f a homogeneous material, with effective properties the same as
he porous layer, was built on the substrate with its top surface in
ontact with the tip of a rigid spherical indenter.
As for the bulk simulations [14], axisymmetric boundary con-
itions were imposed such that the nodes on the left edges of the
ayer and substrate, and the bottom edge of the substrate, were con-
trained. Only vertical displacement was allowed for the indenter.
he ﬁlm/substrate interface was deﬁned as being perfectly bonded
i.e. no delamination or slippage can occur). Residual stresses in
he deposited ﬁlms could affect the indentation response and the
esulting extraction of mechanical properties of the porous layer
rom the indentation curves. The simulation therefore incorpo-
ated an initial equi-biaxial in-plane residual stress in the deposited
lms as required. The interaction between the indenter tip and the a dense substrate, (a) before indentation, (b) loading to a maximum depth, and (c)
top surface was  set to be friction-free [18–20]. The materials were
assumed to be homogeneous and isotropic and the substrate to
have perfect elastic behaviour.
An adaptive meshing method was  applied to generate meshes
in the simulations such that areas close to the indenter had
much higher element density than more remote regions. The ele-
ment density progressively reduced, with increasingly coarse size,
towards the far ﬁeld domain. The complete meshing process is
described in [14]. The loading and unloading of the indenter were
simulated by vertical displacement of the indenter, as shown in
Fig. 1(b) and (c). The input material properties are elastic modulus,
E, Poisson’s ratio, , Gurson yield stress and porosity for the porous
ﬁlm and the elastic modulus and Poisson’s ratio for the substrate.
As discussed in our earlier work [14] the Gurson yield stress used
in the simulations should be regarded only as a ﬁtting parameter
and does not equate to the yield stress of the dense matrix material
as in the strict use of the Gurson model. However, it can be used to
estimate the uniaxial yield stress of the porous material [14]. The
classical theory relating hardness to yield stress for metals [21] no
longer applies for the porous ceramics, as yielding does not occur at
a constant shear stress, nor at a constant volume [22]. Nevertheless,
our previous results [14] on a series of porous LSCF bulk materials
containing different levels of porosity showed a similar relationship
between the uniaxial yield stress of the porous medium and the
value of its indentation hardness. The effect of the input Poisson’s
ratio on the mechanical properties was  also examined for the bulk
materials and the result showed negligible inﬂuence [14]. A value
of 0.3 was  used in the simulations. The apparent elastic modulus
and the indentation hardness were calculated from the simulated
indentation curves using the same method as used for analysing
the experimental data.
3. Results and discussion
3.1. Inﬂuence of residual stress
The ﬁrst investigation was  to examine, using the simulation,
how the indentation curves and extracted material parameters
would be inﬂuenced by a pre-existing residual stress in the ﬁlm.
This was  done by ﬁrst ﬁtting a simulated curve to an experimental
one as a base case to obtain material parameters for the ﬁlm. The
base case simulation was  then run with a range of values for the
residual stress, but keeping all other data input constant. The ﬁtting
procedure adopted was  based on that described previously for bulk
specimens [14]. In summary it involved making initial estimates
for the ﬁlm material parameter values and then reﬁning them so
as to reproduce the experimental indentation curve with empha-
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Table  1
Material parameters for indentation simulation of a ﬁlm sintered at 1000 ◦C.
Porosity (%) Elastic modulus (GPa) Gurson yield stress (GP
39.7 48.3 [11] 0.97 
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Fig. 2. The effect of residual ﬁlm stress on simulated loading-unloading response
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No detectable plastic deformation of the substrate is evident. Theurves compared with the experimental curve for a 10 m thick ﬁlm sintered at
000 ◦C and having 39.7% porosity.
is on matching the displacement depth at peak load, which gives
he indentation hardness, and the initial unloading stiffness, which
etermines the apparent elastic modulus when analysed using the
onventional method. The residual stress in the LSCF ﬁlm is caused
y the thermal mismatch between the ﬁlm and the CGO substrate
uring cooling. In earlier work the room temperature residual stress
n a ﬁlm sintered at 1000 ◦C was measured using the X-ray diffrac-
ion technique to be 100 MPa  in equi-biaxial tension (in the plane
f the ﬁlm) and is lower than that expected from assuming elas-
ic behaviour during cooling from the fabrication temperature due
o some stress relief [7]. Therefore, indentation simulations were
erformed with a series of residual stress values ranging from 0 to
300 MPa  as the initial stress state of the ﬁlm.
The simulation input parameters that gave the best ﬁt to the base
ase indentation curve are listed in Table 1. The elastic modulus of
he substrate was 190 GPa.
Fig. 2 shows the simulated indentation response curves for a
ange of initial residual stresses, keeping all other input parameters
onstant, compared with one of the actual typical experimental
urves.
The results in Fig. 2 shows that the initial residual stress in the
lm has only a small effect on the indentation response, and the
ase case simulation agrees well with the experimental indenta-
ion curve. The increase of residual stress from 0 to 300 MPa  did
ot change the plastic indentation depth much as shown in Fig. 2.
he irregularity in the experimental loading response, marked by a
otted oval in the ﬁgure, is thought to be caused by some local
eterogeneity in the microstructure of the porous ﬁlm. Similar
rregularity was observed in other tests. For clarity, only one data
et is shown in the ﬁgure. It should be noted that the slightly wavy
ature in the loading parts of the simulated curves is not due to
he ﬁnite mesh size, but is caused by the iteration procedure that
atches the plastic and elastic regions when using the Gurson
odel, as reported in our earlier paper [14].
Fig. 3 shows the simulation results for the distribution of poros-
ty in the ﬁlm in the “plastic zone” under the indenter with differenta) Thickness (m) Measured residual stress (MPa)
10 100 ± 2
levels of initial residual stress. In the Gurson model the yield con-
dition is given by
 =
(
q
dy
)2
+ 2f cosh
(
− 3p
2dy
)
− 1 − f 2 = 0 (1)
where f is the porosity, dy is the Gurson yield stress of the dense
matrix material (dense LSCF in this case), q is the effective von Mises
macroscopic stress and p is the macroscopic hydrostatic stress. For
each volume element at a given increment in displacement of the
indenter, the plastic strain due the hydrostatic stress is assumed to
be fully accommodated by a local change in porosity. The updated
porosity is then used in the yield condition for the next increment
of indenter displacement.
As can be seen from Fig. 3, the residual porosity close to the
contact with the indenter was sensitive to the residual stress and
dropped from 22.0% to 11.4% as the residual tensile stress increased
from 0 to 300 MPa. A signiﬁcant difference can also be observed in
the porosity contour plots in Fig. 3(a)–(c), as a lower residual stress
resulted in a smaller porosity gradient along the central axis but
broader porosity distributions elsewhere. The increase of residual
tensile stress facilitates pore-ﬁlling densiﬁcation by opening the
original structure, particularly in the region directly underneath
the indenter tip (Fig. 3(b)). In Fig. 3(d) a slight change in porosity at
10 m (i.e. the interface of ﬁlm and substrate) with residual stress
can be seen and is caused by the densiﬁcation zone reaching the
ﬁlm/substrate interface.
Despite the overall lack of sensitivity of the indentation curves
to the residual stresses, they may  nevertheless have a signiﬁcant
inﬂuence on the apparent measured mechanical properties of the
ﬁlms. This has already been observed for measurements of fracture
toughness using sharp indentation as reported in [7]. It is possible
that the residual stress also has an inﬂuence on the apparent elas-
tic modulus and hardness measured using indentation. To explore
this, the simulated indentation curves were analysed in the same
way as experimental ones to extract values for the apparent elas-
tic modulus and indentation hardness. The results are presented in
Fig. 4 and shows that the apparent elastic modulus and hardness are
both relatively insensitive to the residual stress. When the resid-
ual stress varies from −300 MPa  (compressive) to 300 MPa (tensile),
the apparent elastic modulus increases by 1.5% and the indentation
hardness decreases by 1.3%. However, the apparent elastic modu-
lus (≈ 76.9 GPa) is much greater than the true input elastic modulus
for the ﬁlm (48.3 GPa) due to the effect of the substrate, which will
be discussed later.
3.2. Densiﬁcation under the indenter
3.2.1. Simulation compared with experiment
The indentation-induced densiﬁcation zones predicted by simu-
lation (Fig. 3(a)–(c), with different levels of residual stress included
in the ﬁlms) indicate that the boundary of the densiﬁcation zones
almost reaches the interface, and is approximately 5 times the
indentation depth. Fig. 5 shows the indentation deformation in the
experiment revealed using the FIB-SEM cross section technique.cross-sectional densiﬁcation regions found experimentally and in
the FEM simulation (Fig. 3(b)) both show very similar parabolic-
shaped proﬁles. Furthermore, no pile-up or sink-in is seen in the
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xperimental or simulation results, and no delamination can be
etected in the ﬁlm/substrate interface in Fig. 5.
.2.2. Porous ﬁlm compared with porous bulk
The indentation response and densiﬁcation behaviour of a
orous bulk sample (200 m thick) with identical initial porosity
o the porous ﬁlm, but zero residual stress, was also simulated and
ompared with the behaviour of the ﬁlm. The same material input
arameters were used for both the bulk and the ﬁlm and the simula-
ions were carried out with the same maximum penetration depth
the experimental value) for both bulk and ﬁlm. Fig. 6 shows the
esulting response curves and the calculated residual porosity close
o the contact with the indenter.
Fig. 6(a) shows that the indentation loading curve is slightly dif-
erent for the bulk and ﬁlm simulations, and that a smaller load
as needed for the bulk to reach the same indentation depth which
orresponds to a lower hardness. However, there is a large differ-
nce in the unloading curves in that the bulk has a much smaller
nloading stiffness, resulting in smaller apparent elastic modulus
48.8 GPa). This is due to the inﬂuence of the substrate in the case of
he ﬁlm and will be discussed in more detail later. Compared with
he bulk, the indentation-induced densiﬁcation is more noticeable
Fig. 4. Apparent elastic modulus and indentation hardness derived from the simu-
lations as a function of residual stress in the ﬁlm (negative values mean the stress
is  compressive).
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rig. 5. Densiﬁed region of the ﬁlm under the indenter studied using FIB-SEM after
he indentation experiment shown in Fig. 2.
n the ﬁlms (Fig. 6(b)). The lowest value of porosity just under the
ndenter is 19.0% for the ﬁlm compared with 22.5% for the bulk.
his is mainly due to the residual tensile stress in the base case
imulation for the ﬁlm. When the residual tensile stress is zero, the
ifference becomes negligible as seen in Fig. 6(b) (22.5% for the bulk
ompared with 22.0% for the ﬁlm).
.3. Effect of ﬁlm thickness on indentation response
FEM simulations were carried out for a range of ﬁlm thickness
alues in the base case, (i.e. with a constant maximum indenta-
ion depth of 1.97 m and residual stress of 100 MPa) to study the
ffect of ﬁlm thickness on the indentation response and the result-
ng values of apparent elastic modulus and hardness. The results
re presented in Fig. 7 and shows that there is very little inﬂuence
or ﬁlm thickness greater than approximately 20 m,  as a result
f diminished inﬂuence from the substrate. In this region the ratio
f indentation depth to ﬁlm thickness falls below 10%, consistent
ith the conventionally accepted rule of thumb for indentation of
hin ﬁlms in order to avoid signiﬁcant substrate inﬂuence. Below
pproximately 20 m,  however, the stiff substrate has an increas-
ng effect as the ﬁlm becomes thinner, as expected qualitatively.
he densiﬁcation under the indenter (Fig. 7(b)) is more severe
hen the ﬁlm thickness is below 10 m.  As an example, for a ﬁlm
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thickness of 5 m the porosity immediately under the indenter is
reduced to only approximately 6.9%. The results in Fig. 7 also shows
that the porosity maintained its initial value only at depths larger
than 10 m in ﬁlms thicker than 10 m.  Fig. 7(c) indicates that
the apparent elastic modulus is very sensitive to the ﬁlm thickness
in ﬁlms thinner than 20 m,  whereas the indentation hardness is
much less sensitive. This is expected because the elastic ﬁeld has
longer range than the plastic ﬁeld. It is also likely that the effect on
apparent elastic modulus is underestimated in these simulations
of porous ﬁlms as the Gurson model does not take into account the
effect of densiﬁcation in increasing the local elastic modulus i.e.
it assumes that elastic modulus is independent of porosity in the
densiﬁed regions, which will not be true in reality.
3.4. Effect of indentation depth
The FEM simulation was  used to explore the inﬂuence of inden-
tation depth at constant ﬁlm thickness by varying the indentation
depth in the base case. These were performed because they are
directly comparable with experimental data [11]. The results were
similar to the ones in which the ﬁlm thickness was varied at
constant maximum indentation depth, since the main controlling
parameter is expected to be the ratio of maximum indent depth to
ﬁlm thickness, as veriﬁed in Fig. 8. The simulation results for the
apparent elastic modulus and indentation hardness are compared
with the experimental results in Fig. 9.
The initial strong increase of the experimental data (below 5% of
the ﬁlm thickness) is due to the surface roughness features in the
actual ﬁlms which causes non-ideal initial contact. This roughness
effect was  not taken into account in the FEM, so that the results
from simulation over this range of indentation depth (0–5% of ﬁlm
thickness) deviate signiﬁcantly from the experimental results. For
indentation depths between 5% and 30% of ﬁlm thickness it is seen
that the results from FEM simulations agree very well with the
experimental results. In our previous study [11] we suggested that
extrapolation to zero depth of the apparent elastic modulus and
indentation hardness results, obtained between 10 and 20% of the
ﬁlm thickness, should be considered as providing the true values
for the ﬁlm as recommended for sharp indentation of dense ﬁlms in
the ISO 14577 standard testing procedure. The present simulation
results show that this is a reliable procedure for the porous ﬁlms.
For indentation depths greater than approximately 30% of the ﬁlm
thickness the experimentally measured apparent elastic modulus
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and indentation hardness begin to exceed those derived from the
simulations. In particular, the apparent elastic modulus from the
simulations does not tend to the expected asymptotic value for the
substrate (190 GPa) as quickly as observed in the experiments. This
is probably mainly due to the deﬁciency in the Gurson model men-
tioned earlier in that it does not allow for an increase in the elastic
modulus of the ﬁlm in the densiﬁed region.
3.5. Inﬂuence of densiﬁcation
In this section we  explore how much the densiﬁcation under
the indenter affects the way  in which the apparent elastic modulus
and indentation hardness depend on indentation depth. In order
to do this the Gurson model in the base case was replaced by the
volume-conserving elastic-perfectly plastic material model for the
ﬁlm (von Mises model). The yield stress in this model was estimated
from our previous study [14] of bulk material of similar porosity
to be 1.75 GPa. The residual stress was  unchanged. The results are
shown in Fig. 10. It is seen that including densiﬁcation has only a
small inﬂuence on the apparent elastic modulus. This is because the
elastic response is not sensitive to the details of deformation in the
plastic zone and is dominated by longer range stresses and strains.
On the other hand, the indentation hardness is much more sensitive
to densiﬁcation. In particular, when no densiﬁcation is assumed,
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of  indent depth to ﬁlm thickness for the actual LSCF ﬁlms (sintered at 1000 ◦C) with the same porosity, thickness, residual stress and input mechanical properties [11].
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tig. 10. Inﬂuence of densiﬁcation on the (a) apparent elastic modulus and (b) indent
lm  thickness and constant maximum indentation depth.
he simulations (Fig. 10(b)) do not show a plateau in the region of
hallow indentation which is a characteristic of the behaviour with
ensiﬁcation. The increase in indentation hardness with depth in
he case of the von Mises simulation is probably due to conservation
f volume during plastic deformation leading to pile-up (hence a
arger contact area than estimated in the analysis at a given load).
onversely, when densiﬁcation occurs there is no pile-up and the
lastic zone is more localised and therefore less inﬂuenced by the
ubstrate.
. Conclusions
The simulations have shown that using the Gurson model to
escribe densiﬁcation under the indenter during spherical inden-
ation of a porous ceramic ﬁlm on a stiff substrate gives indentation
urves and porosity distributions in good agreement with experi-
ents, despite the fact that the Gurson model is strictly applicable
o metals with less than approximately 15% porosity. However,hardness for the base case. The von Mises simulations were carried out with varying
in the current simulations the Gurson yield stress is not equal to
the yield stress of the dense matrix material, but is regarded as an
adjustable ﬁtting parameter.
The simulations show that the details of the distribution of
porosity in the densiﬁcation zone depend on any residual stress in
the ﬁlm, but the apparent elastic modulus and indentation hardness
are not sensitive to residual stress.
Simulations in which the ﬁlm thickness and indentation depth
were varied show that the apparent elastic modulus is very sen-
sitive to the ratio of indent depth to ﬁlm thickness, but that the
indentation hardness is less so for depths less than 30% of the
ﬁlm thickness. The simulated dependence of apparent elastic mod-
ulus and indentation hardness with depth to thickness ratio are
in good agreement with experimental data. They also support the
procedure proposed previously whereby extrapolation of apparent
elastic modulus and indentation hardness, measured in the depth
range of 10 to 30% of ﬁlm thickness, to zero depth in order to obtain
good estimates of these parameters for the ﬁlm alone.
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The inclusion of densiﬁcation in the simulation makes only a
mall difference to the apparent elastic modulus, but has a large
nﬂuence on the indentation hardness as a function of indentation
epth.
Although the experiments reported here are for a single ceramic
aterial (LSCF), our earlier paper [14] gives experimental data for a
ange of porosities of this material and therefore the behaviour and
odel described should be generally applicable to porous ceramics
ormed by partial sintering of powder coatings.
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